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I am only very, very curious.
--Albert Einstein

Experience is not what happens to a man;
ir is whar a man does with whar happens 10 him.
--Aldous Huxley

There is no such thing as failure,
only results,
wirh some more successful than others.
--Jeff Keller
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Abstract
In industrial polymer and synthetic rubber production facilities, workers are exposed to
1J-butadiene. This compound is converted in vivo to 1,2,3,4-diepoxybutane (DEB) and has
been linked to increased incidences of cancer in these individuals. Carcinogenesis has been
attributed to formation of DEB induced DNA interstrand cross-links. Previous studies have
demonstrated that DEB cross-links deoxyguanosine residues within 5' -GNC sequences in
synthetic DNA, in restriction fragments, and in defined sequence nucleosomes. The current
study utilized the polymerase chain reaction (PCR) to examine DEB damage frequencies within
nuclear genes, found within "open" regions of chromatin, as compared to regions of
unexpressed sequence that reside in tightly packed, "closed" chromatin, to more closely model
DEB reactivity in vivo. These initial studies have been performed in chicken liver
homogenates. Preliminarily, we have found a dose-dependent DEB lesion-forming response
within "open" chromatin. DEB appears to have liille-to-no effect upon regions of "closed"
chromatin.

Introduction
1,3-Butadiene (ED) is an important monomer used in polymer synthesis and rubber
production (Morrow, 1990). Industrial exposure to this colorless gas has been linked 1O
increased incidences of cancer in individunls (Delzell et al., 1996). BD has also been found in
automobile exhaust and cigarette smoke (pelz et at., 1990; Brunnemann et aL., 1990). With
possible genotoxic and reproductive toxic effects, it is a Priority Substance under Canada's
Environmental Protection Act (Hughes et at., 2(01), and is on the Original List of Hazardous
Air Pollutants, published by the Environmental Protection Agency of the Uni!.ed States (EPA
Air Toxics Website 2(03).
Xenobiotics, such as industrial BD, or components of cigarene smoke or automobile
exhaust, must be processed and excreted upon entering the body. This function falls largely to
the liver. Enzymatic oxidation, reduction, hydrolysis, or conjugation reactions make organic
compounds more water-soluble, allowing them to pass from the body as waste (Gringauz,
1997).
One way in which BD is cleared from the body involves oxidation by cytochrome P450
(Doescher and Elfarra, 1994). The 1,3-butadiene monoepoxide, 3,4-epoxy-l-butene (EB), and
the 1,3-butadiene diepoxide, 1,2,3,4-diepoxybutane (DEB), are products of sequential
oxidations of BD (Figure 1; Malvoisin and Roberfroid, 1982). However, it is precisely this
oxidation that becomes detrimental to the organism. EB has been shown to induce
chromosomal point mutations, while DEB has been found to induce point mutations, deletions,
and other chromosomal alterations (Recio et al., 200 1).
These epoxides are capable of alkylating deoxyribonucleic acid (DNA), forming a
covalent attachment at the N7 position of deoxyguanosine (dG) residues. The diepoxide may
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Figure 1. Metabolism of 1,3-butadiene (BD). Sequential oxidations by cytochrome
P450 fonn 3.4-epoxy-butene (EB) and I ,2,J,4-diepoxybutane (DEB) (Malvoisin and
Roberfroid, 1982).

fonn two such attachments. producing di(guanin-7-yl) derivatives (Figure 2; Brookes and
Lawley, 1961). The increased cytotoxicity of bifunctional alkylaLOrs (e.g., DEB), versus
monofunctional agents, was originally attributed to the formation of interstrand cross-links at

5' -GC sites, which possess the minimal N7-tO-N7 distance in B-DNA (Brookes and Lawley,
1967). However, DEB was later shown to fonn cross-links in short oligomers at 5' -ONe sites,
where N is any base (Millard and White, 1993).
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Figure 2. DEB cross-link between N7 positions of deoxyguanosine residues
(R = ribose ring; Brookes and Lawley, 1961).

However, nuclear DNA does not exist as short oligomers in a free, linear state in vivo.
A meler of linear double-stranded DNA must fit iDlO the cell's nucleus, only a few microns in

3

diameter (Elgin, 1995). This requires tight packaging into a higher order structure: the
chromosome.

In brief, a chromosome is a condensed, though complex, sLructure. It is composed of
double-helical DNA, first wrapped about core structural proteins, called histones. The histone
core panicles are then further twisted and looped about one another, with the aid of various
non-histone structural scaffold proteins, until the final compacted structure is formed.
The initial structural element, the DNA-wrapped histone core, is of particular
importance and relevance to us. The four histone proteins, H2A, H2B, H3, and H4, form an
octameric core, about which 146 base pairs (bp) of linear DNA is wrapped. These octarners, or
core panicles, are linked to one another with a fifth histone protein, HI, along an additional
length of DNA. These core particle-plus-linker structures are known as chromatosomes.
Nucleosomes, the third level of organization, contain approximately 200 bp of DNA, plus the
chromatosome histones (Wagner et ai., 1993).
The alternating nucleosome - linker - nucleosome configuration (Figure 3) is often
referred to as "beads on a string," or the "10 nm fiber," for the approximate thickness of a

Histone core
ofnucleosome

Linker DNA
of nucJeosome

Figure 3. Nucleosomal core particles (Nelson and
Cox, 2000).

4

nucleosomal particle. This" 10 om fiber" is further packaged into a proposed soLenoidal
structure, dubbed !.he "30 nm fiber," which is further looped., folded. and packed about a non
histone protein scaffold. until it reaches the final condensed chromosomal structure (Wagner er
0/., 1993).

It was suggested in early studies that such chromosomal structures impact gene

expression. Weintraub and Groudine (1976) noted that specific globin genes were
preferentially digested by deoxyribonuclease I (DNase I) treatment of nuclei from chicken
erylhroid cells. However, this digestion did not occur in nuclei obtained from non-erythroid
tissues, where globin genes are not actively expressed. These fmdings indicate that actively
transcribed genes are likely associated with histones arrayed in a confonnation such that the
DNA is particularly DNase I sensitive. In 1978, Vidali er 01. confumed an increased degree of
acetylation of histones H3 and H4 in regions of increased DNase I sensitivity, thus linking
transcriptional activity to histone acetylation.
The amino-tennina! lails of !.he DucIeosomal core histones H3 and H4 are enriched in
lysine and arginine. At physiological pH. these residues are positively charged, and have the
potential to interact with the negatively charged phosphate backbone of DNA. Acetylation of
the lysine residues reduces the overall positive charge, leading to a reduced electrostatic affinity
of DNA for the histone (Figure 4; Hong er oZ., 1993).

S
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Figure 4. Acetylation of a lysyl side chain. Addition of an acetyl group to the
physiologically proLOnated Iysyl residue removes positive charge.
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Genes that are to be transcribed do not reside in an ever-acetylated histone environment.
To allow DNA transcription, histone acetyltransferase complexes (HATs) are recroited to
promoter regions in the transcriptionally repressive, unacetylated, "closed" chromatin. By
acetyJating the appropriate histones and creating a transcriptionally competent, "open" domain,
the transcriptional machinery can then set to the task of replicating the target gene (lmhof and
WoHle, 1998).
This activity is checked by the histone deacetylases (HDACs), which function to
remove acetyl groups, cODvening "open" chromatin to the "closed" conformation. In an
erythroid tissue, for example, these HDACs would help prevent over-expression of globin
genes beyond endogenous levels after sufficient transcription had occurred. In a non-erythroid
tissue, the HDACs would help prevent expression of the globin genes altogether, by keeping
the globin-containing regions "closed."
Chen and Townes (2000) illustrated the importance of an acetylated, "open" chromatin
environment for active gene transcription using a virally transduced gene system. Once
successfully integrated into a host genome. these genes are often silenced. By inhibiting
histone deacerylase activity, viral gene expression was dramatically reactivated. Removal of
the inhibitor lead to silencing of expression once again.
Given the higher order chromosomal structure, a more accurate description of in vivo
DEB reactivity requires more than just a simple oligomeric model. Thus, Millard and Wilkes
studied defined sequence nucleosomal core particles of the 55 RNA gene of Xenopus borealis.
The same previously determined 5' -GNC binding preference was demonstrated in the core
particles, as well as in the free DNA, uncomplexed to any proteins (2001). However, this work

6
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did not take into consideration the rest of the dynamic chromatin environment that would be
present in vivo.
To more closely model in vivo behavior, we investigated, in whole cells, the degree of
DEB damage in regions of both "open" and "closed" chromatin. To this end, we utilized a
quantitative polymerase chain reaction (QPCR) (Grimaldi el af., 1994).

By flanking a target gene region with two oligomeric DNA primers, the target region
can be amplified exponentially via peR. DEB lesions within the target region are thermally
labile, causing DNA strand cleavage during heat cycling (Figure 5; Lawley and Brookes,
1967). which results in the amplification of shortened sequences. By using a '1'-labeled

5' -----, - - - -  3'

5 ' - - -  - - - -  3'

5'

3 ' - - - - - - - - 5'

3,---5'---
DEB Lesion

Strand Cleavage

Figure 5. Strand cleavage of a DEB lesion upon heating (Lawley and
Brookes, 1967).

primer, we can evaluate incorporation of radiolabel into products, or amplicons, of various
lengths. By subjecting samples to polyacrylamide gel electrophoresis (PAGE), we can separate
arnplicons of varying base pair lengths into discrete bands. and through phosphorimagery, can
compare the band volumes. As DEB concentrations increase, we would expect to see
concomitant decreases in 32p incorporation into full-length products, characterized by
decreasing band volumes. Quantitative comparisons of DEB lesion frequency can then be
made using one of the Poisson equations, which are used to analyze random events. In this
case, we will use the equation, L

=- In (AJAJ, where L is the lesion frequeocy per strand and
7

A'I and

,are the :lmplification amount. from damaged and control lemplates. re p clively

(Grimaldi

I!l

at.. 199-1-).
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GGAACAAGTTGGCAAGGTCCTATGGGAAACTGCTnlGAAGGCANTGGGGTCC
ATTAGTG TGGTCACTTTTTAAGTAGCACCCCCGAAAAGCACATGAACAGGGAAC
TGCAAAA GTNGGCAGCCATACGGGCAGGGCAGAAGA

03: Length

= 140 bp; 5 -G

C sites

= 9; GC % =59 %

CTCTGTGCTCAGCATCCTTCAATCCACGGCGGCTCCGCTGCACCTCCTCTGCAA
AACGCCTCCAGGAAACCACTCGGCCGAGTGCCCTCTCCCGGAGACCTTACTTAG
AGCCTCAGGAAAAGGAAGAAAGTGCCGAAAGG
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GC h<.ls pair percent are gi en. Primer re)ons are sho\\ n in color.
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Figure 6. Primer regions cho. en from \\ ithin the chic 'en 0-g10 )in o01alO
(Litl el al.. _OOla).

In choosing target regions, we had to be mindful of the likely acetylation state of our
homogenized tissue. The HDACs could well have deacetylaled and "closed" any seemingly
"open" regions after the livers were excised and the cells had died. However, HATs and
HDACs are not non-specific, but belong to various families, whose members acetylate and
deacetylate only specific targets (Strahl and Allis, 2(00). Further, our nominal

P3 region

resides in HS4, a particularly hyperacetylated region (Litt et al., 200lb). These factors made it
unlikely !.hat this particular target region would have become totally deacetylated and "closed"
prior to our studies. This is no guarantee that there was not some minimal loss of acetylation,
however. To maintain full acetylation levels, live cells could be treated with HDAC inhibitors,
such as sodium butyrate, phenylmethylsulfonyl fluoride (PMSF), and aprotinin (Lin et ai.,
2001 b).

We know that chromatin structure and gene expression are inextricably linked, but their
relationship remains

[Q

be thoroughly elucidated. All the exact mechanisms and factors

involved have yet to be determined. Similarly, the more fundamental mechanisms of DEB
carcinogenicity are not fully understood.
Living cells have inoinsic repair mechanisms to deal with xenobiotic insult. However,
acetylation state of the region attacked by DEB may render these mechanisms more or less
active or efficient. Lesions within specific genes, whose products normally code for key
cellular proteins, may lead to cytotoxicity if not repaired.
Examining the similarities and differences in DEB damage within two clearly varied
chromatin environments, such as these regions of the

~-globin

domain, may shed more light on

the situation and help to dispel some of the current "black box" character.
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Materials & Methods
Liver Homogennre - Razor-thin shavings (approximately 3-4 cm2 ) of frozen chicken
liver (commercially obtained) were suspended in 2.5 mL iced IX PBS (137 mM NaCI, 2.7 mM
KCl, 11.9 mM phospha(e, pH 7.4) and repeatedly passed through a 21 gauge needle, then
brought LO 10 mL total volume with iced 1X PBS. The sample was centrifuged at 1000 x g for
10 min at 4°C (Beckman J2-HS centrifuge with a

JA~

18 rotor) to pellet extraneous material.

The supernataDt was split into 10 microfuge tubes, in 1 mL aliquOIS.

peR - Primers (Integrated DNA Technologies; Table 2) were reconstituted in dH 20 at
-50 JlM concenrra(ions. PCR reagents were obtained from Applied Biosystems. A single

Primer Sequences
Cytochrome b
(Kocher et 01., 1989)

5'-AAAAAGCTTCCATCCAACATCTCAGCATGATGAAA
5' -AAACTGCAGCCCCTCAGAATGATATITGTCCTCA

~1 sequences
(Lilt er aJ., 2001b)

5' -CACAGCACTGCAGCAGCAIT
5' -CACAAAGACCAGTCCCTCCAAT

~2 sequences

5' -GGAACAAGTTGGCAAGGTCCTAT
5' -TCTTCTGCCCTGCCCGTAT

(7.342 kb)
(7.810 kb)

~sequences

5' -CTCTGTGCTCAGCATCCITCAAT
5' -CCTTrCGGCACTTTCTTCCTTT

Il4 sequences

5'-GCCCCACCAGCCGTG
5'-CATCACCGCTGCCCAAA

(10.350 kb)

(10.350 kb)
(21.365 kb)
(21.365 kb)

(27.649 kb)
(27.649 kb)

Table 2. Primer sequences for amplification of a 407 bp region of the cytochrome
b gene and four j}-globin regions. ~-globin primers are listed with their k..ilobase
distance from an upstream start site within the domain. (Kocher et al., 1989; Lin
et ai., 2001b)

amplification reaction required 5 JlL lOX PCR Gold Buffer, 5

mM MgCl 2, 0.25

JlL AmpliTaq Gold

DNA Polymerase (5

~

U/~),

to mM dNTP mix, 7.4 JlL 25
and 0.75 I.l-L of each primer

10
-
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(Forward and Reverse), in a 50 J.LL total volwne. An isolated DNA pellet was dissolved in the
requisite amount of dH 20 to account for the 50

~L

total reaction volume. Scaled master mixes

were used for each round of reactions, combining all reagents (omitting radiolabeled primers,
when applicable). Heal cycling for I)-globin regions was perfonned on a GeneAmp PCR
System 9700 with the following profile: 2 min hold at 50°C; 10 min hold at 95 °C; 40 cycles
of 95°C for 15 sec, followed by 60 °C for 45 sec; 7 min hold at 60°C; indefinite hold at 4°C.
Amplification of the cytochrome b region utilized the following heat cycling profile: 2 min
hold at 93°C; 35 cycles of 93 °C for 1 min, followed by 50°C for 1 min, followed by 72 °C for
3.5 min; 10 min hold at 72°C; indefinite hold at 4

Primer Selecrion - A 15

dc.

J.LL aliquot of each PCR product (control DNA,

DEB) was removed to a clean microfuge rube and mixed. wilh 3

~L

unreacted with

6X agarose gel loading dye

(0.025 g bromophenol blue, 4.0 g sucrose, 10 mL total volume with dH 20). To detennine PCR
product length, a 4

~L

aliquot of low molecular weight DNA mass ladder (Gibeo) was added to

6 ~L dH 20 and 2 JlL loading dye. Samples and standard were run on a 1.5 % agarose gel (0.6 g
agarose in 4D mL IX TBE), under IX TBE running buffer, at 70 V UDlillhe dye front traveled
haJf-to-three-quarters of the length of the gel. Gels were stained by shaking for 15 min in
approximately 100 mL running buffer with 20

J.LL ethidium bromide (ELBr,

10 mg/mL stock).

Stained products were visualized on a UV light box.

Cross-Linking Reactions - I,3-butadiene diepoxide (DEB) was used as obtained from
Aldrich. Two stock solutions, 1/l00 and litO dilution, were made with dH 20. Solutions
should be made fresh for each experiment. Reaction mixtures consisted of 98 J.LL liver
homogenate plus 2

~

DEB solution (either 11100 dilution, l/10 dilution, neat, or dH 2 0 for

control). These DEB dilutions yielded final reaction concentrations of 2.5 mM, 25 mM, and

11

250 roM DEB. Reaction mixrures were incubated at 37°C for 30 minutes. After incubation,
an equal volume (100 jlL) of buffered phenoVchloroform/isoamyl alcohol (pH 8.0) was added
[0

the reaction and mixed with vortexing. Samples were centrifuged (15 min, 12,000 rpm, 4

°C) in an Eppendorf Centrifuge 5402. The aqueous layer was removed and transferred to a
second microfuge rube containing 100

~

chloroform/isoamyl alcohol, then mixed and

centrifuged as before. The aqueous layer was then transferred to another microfuge tube,
containing 2 volumes (200 ~) ice-cold absolute ethanol with UlOtb volume (10 ~) 3 M
sodium acetate (NaOAc, pH 5.2). The mixture was vortexed briefly and chilled at -40 °C for

15 min. Samples were then cenrrifuged as above. The ethanol was removed via micropipene,
taking care not to disturb the DNA pellet A volume of 500 ~ ice-cold 70 % ethanol was
added to each pellet. Solutions were mixed and chilled at -40 °C for 20 min, then centrifuged

as before. The ethanol was again removed via micropipette, taking care not to disturb the DNA
pellet. DNA pellets were vacuum dried (Labconco Centrivap Concentrator) and stored in the
freezer until needed.

Radiolabeling ofPrimers - The nominal Forward primer of each pair was 5' -end
radiolabeled with 32p. Each reaction used 2 jlL lOX T4 Polynucleotide Kinase (PNK) Buffer
(New England BioLabs), 2 ~ y_32p ATP (Amersham), twice the volume of primer required for
amplification by peR (due to loss during ethanol precipitatlon), and enough dH 20 for a final
volume of 20~. Reagents were pooled with a quick spin in a microcentrifuge, and each
received l jlL PNK (10 U/jl.L) (New England BioLabs). All reagents were mixed with a
pipette and incubated at 37°C for at least 30 minutes. Radiolabeled primers were ethanol
precipitated by standard methods (Sambrook et ai., 1989) and vacuum dried. For use, each

12

primer was dissolved in 1 ~ dH 20 per intended PCR sample, with an extra 1 ~L for use as a
standard during electrophoresis (i.e., 5

~

dHzO for 4 peR samples plus 1 standard lane).

PAGE - Radiolabeled PCR products were separated using polyacrylamide gels. A lOX

Tris-boratelEDTA buffer was prepared as follows: 54 g Tris base, 27.5 g boric acid, 3.72 g
disodium ethylenediaminetetraacetate (EDTA), in 500 mL dH 20. Native 8% polyacrylamide
gels were prepared according to Sambrook el al. (1989): 8 mL 40% (19: 1) acrylamide :
bisacrylamide, 4 mL lOX TBE, 28 mL dH 20, 350

~

20% ammonium persulfate (APS), 20

~

N,N.N',N'-tetrarnethylethylenediamine (TEMED). Gels were allowed to polymerize for at
least one hour. Wells were blown out wilh running buffer (IX TBE) to remove air bubbles,
and gels were pre~run for 1.5 hours at 250 V. PCR samples and primer standards were mixed
wilh 6X loading dye (0.05% xylene cyanol in 50% glycerol); 10 ~ dye into each 50 j..t.L
product and

5~L

dye

iOlO

each I ~L primer standard. Samples were electrophoresed for 1.5

hours at 250 V. After electrophoresis, gels were transferred to 3MM chromatography paper
(Whatman), covered with plastic wrap, and dried under vacuum (20 minutes of heating,
approximately 1 hour total drying time) on a Drygel Sf. Slab Gel Dryer SE 1160 (Hoefer
Scientific Instruments). Dried. gels were exposed to a Molecular Imaging Screen-BI on a GS
505 Sample Ex.posure Platform (BioRad) for 4 hours. Bands were visualized and quantitated
on a GS-505 Molecular Imager using Molecular Analyst software (version 2.1.2) (BioRad).
Boxes of equal area were drawn around each band to be quantitated, then automatically
integrated by the program.
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Results
IsolaTion of DNA & Primer Selection - Chicken liver was homogenized in IX PBS.

Initial tests on the homogenate utilized a Chelex treatment (Walsh et at., 1991) to obtain DNA.
After thermal cycling, the amplification produclS were visualized on a 1.5 % agarose gel with
ethidium bromide (EtBr) staining. The ~-globin primers failed to amplify this DNA. A
confirmatory test, run with primers for a 407 bp region of the mitochondrial cytochrome b gene
that had been successfully amplified previously (Kocher et at., 1989), failed as well.
DNA was then isolated from the homogenate via phenoUchlorofonnJisoamyl alcohol
ex.lTaction. followed by ethanol precipitation. The ~-globin and cytochrome b primers
successfully amplified this DNA (Figures 7-9).

2()()() bp
1200

800

cyt b

400

407 bp

Figure 7. 1.5 % agarose gel of cytochrome b gene
region amplification (stained with EU3r). Lanes 1.
6-8: Blank; Lanes 2-4: Cyt b; Lane 5: Mass Ladder
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~l
589 bp

P2
145 bp

Figure 8. 1.5 % agarose gel of ~ 1 and ~2 gene region
amplification (stained with EtBr). Lanes 1, 5: Blank;
Lanes 2-3: ~1; Lane 4: Mass Ladder; Lanes 6-7: ~2

Next, test reactions were run on whole homogenate, using no DEB. DNA peHets were
recovered as before, with each recovered pellet being used for a single amplification reaction.
Bands were visualized again by agarose gel electrophoresis and EtBr staining. All four ~globin regions were amplified.
We next tested for incorporation of radiolabel during amplification. We were able to
see successful amplification in three of the four samples. The 589 bp "closed" region, ~l, did
not amplify as expected. The two -140 bp ~2 and ~3 fragments, "closed" and "open" regions,
respectively, amplified, as did the 6\ bp "open" region, /34.
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~3

134

140 bp

61 bp

Figure 9. 1.5 % agarose gel of ~3 and ~4 gene region
amplification (slained with EtBr). Lanes 1,5: Blank;
Lanes 2-3: ~3; Lane 4: Mass Ladder; Lanes 6-7: ~4

QPCR - For quantitative comparison of lesion frequency in "open" versus "closed"

chromatin, primers for regions

~2

and

~3

were chosen for further investigation, as they amplify

regions of approximately the same length. We first tested the "open"

~3

region. Upon

visualization, we noted a decrease in full-length band intensity as the amount of DEB added to
the reaction mixture was increased. Integrating the band volumes, we found a linear
relationship between lesion frequency and log [DEB]. Additionally, there were a number of
bands appearing below that of the unincorporated primer in each reaction well lane (Figure 10).
To remove these bands, which may have been degraded primer fragments and very
small amplification side-products due to those fragments we decreased the extension time from

]6

1

--==::::::::::=======J
2

3

4

5

I

6

DEB
Full-length
Product

I Primer Band I
I
Figure 10. Phosphorimage of "open" P3 region. Lane 1: Control (no DEB);
Lane 2: DEB (2.5 mM); Lane 5: DEB (25 rnM); Lane 6: DEB (250 roM);
Lane 3: Radiolabeled primer; Lane 4: Blank

1 minute to 30 seconds, in hopes of only amplifying our major products in abundance, and used
a shorter exposure time when phosphorimaging (4 hours instead of overnight). This shortened
extension time proved to inhibit amplification altogether. To rescue amplification, we
increased the extension time to 45 seconds. Applying this modified thermal profile and
imaging time, we were able to successfully amplify full-length product, while still suppressing
amplification and visualization of the extraneous bands.
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Phosphorimage analysis of this gel gave similar results to those obtained previously.
We found a linear, dose-dependent relationship between lesion frequency and the log [DEB].
However, samples did not travel cleanly through the gel. There was radiolabel trapped in the
wells.
Our next gel tested the "closed" ~2 region. This first gel failed to run, with all primers
and amplification produclS retained in the wells. On our second attempt, we were able to
visualize full-length products (Figure 11). However, once again, large portions of both the

Full-length
Product

Primer
Band
Figure It. Phosphorimage of "closed" ~2 region. Lanes I, 6: Radiolabeled primer;
Lanes 2, 7: Control (no DEB); Lanes 3,8: DEB (2.5 mM); Lanes 4,9: DEB (25 mM);
Lanes 5, 10: DEB (250 mM); Lanes 6 through 10 used for quantitation.
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Re~Qn

Lesion
DEB
Cone. (rnM) Frequency

Open

2.5
25
250

0.364
2.031
3.115

Closed

2.5
25
250

0.285
0.0149
-0.021

Table 3. Calculated lesion frequency in "open" versus "closed"
regions due to addition of varying concentrations of DEB.
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Discussion
Chicken liver is a convenient source of commercially available DNA. Using chicken as
our model organism also facHitated target gene selection. Published work on the chicken P
globin domain, done by Liu and colleagues (200la,b), gave us access to primer s~uences and
a thermal cycling profile of proven functionality. Further, given that BD and DEB have been
associated with hematopoietic cancers, a gene related to blood cells seemed an appropriate
targeL
Four sets of primers were chosen from regions of both "open" and "closed" chromatin
within the chicken P-globin domain, to allow for comparisons of lesion frequency between
regions of transcribed and non-transcribed sequence.
Shifting from the Chelex preparation to the organic extraction may provide the added
benefit of stopping the DEB cross-linking reaction at discrete intervals when time-course
studies are performed by removing excess, free DEB from the mixture. The previous work,
utilizing the Chelex treatment, was not able

(0

halt the DEB reaction at specific time points

(Juskewiteh and Millard, 2(03).
The rust test for incorporation of radiolabel failed because the tracking dye used was for
agarose gels, and we did not run samples of the radiolabeled primers as standards. These issues
were addressed in our successful second attempt at visualization, wherein all four regions
amplified (Figure 10).
When we began experiencing incomplete runs, we looked to our reagents. As we had
been using a TBE buffer previously made by members of the lab, we swmised that
precipitation of buffer salts may have affected our acrylamide gels. We made a fresh stock of
lOX TBE for future gel casting, and ran the DEB reactions again. Although able to visualize
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full-length products (Figure 11), pOrLions of both lhe radiolabeled primers and the reaction
products were still retained in the wells. Since we were not completely hampered in visualizing
a full-Ienglh product, we integrated the band volumes (Table 3, Figure 12). However, given the
amount of material retained in the gel wells, these numbers are uncertain.
For the "closed" ~2 region, resulls from lhe Poisson equation (Table 3), representing
lesion frequency, hovered above and below zero. The calculated numbers themselves indicated
that addition of DEB effectively increased amplification of the target region, albeit only
nominally. We know this is not the case. Further trials are needed. in which all primers and
products leave the wells and migrate through the gel properly.
As we were not certain what exactly confounded our second ~2, "closed" region gel
run, we began the experiment anew, with the ~3, "open" region. The co-migration of these ~3
samples indicated that although the gel ran properly, there were no amplified PCR products to
visualize in the flfSt place. Thinking that perhaps our reagents were responsible for the lack of
amplification, we repeated the experiment with a new mixture of deoxynucleotide triphosphates
(dNTPs) and fresh Taq polymerase. Once again, the gel ran properly. with nothing trapped in
the wells, but each sample band co-migrated with the primers, indicating that PCR failed

to

amplify our target region.
These results are daunting, but we are keenly aware of the oft~times finicky nature of
PeR. Many variables affect successful amplification, and it can take time to ascertain exactly

which step in the procedure or ingredient in the reaction mix.ture is causing difficulty.
Fresh reagents should be used in further experimentation. Making a fresh batch of liver
homogenate may also prove useful. Although the aliquots of the original homogenate were
only thawed as needed, stability issues playa significant role when storing cells in PBS
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suspension for extended periods at -20°C. Samples may degrade within a malter of weeks, so
fresh homogenates should be made often, if not each time reactions are to be run.
Once the details of the peR are worked through on the liver homogenate DNA, future
experimems will seek to further elucidate the action of DEB in vivo using cultured chicken
tissues. At discrete time points, aliquots will be removed for analysis, enabling a time-course
sLUdy of cellular response to DEB exposure.
In the liver homogenate, within "open" chromatin, we have seen decreases in full-length

product amplification due to lesion formation by DEB, monitored by decreases in radiolabel
incorporation. In the second phase, utilizing living, cultured cells, subsequent cellular repair of
the DEB-induced lesions would be marked by increases in full-length product band intensity as
compared to initially DEB-damaged baseline band intensity.
The "open" or "closed" nature of chromatin regions clearly has important implications.
Carcinogenicity of BD, by way of its metabolite DEB, may be a function of the diepoxide's
ability to alkylate acerylaled chromatin regions that normally code for important gene products.
Cancers can arise from damage to tumor suppressor genes or activation of oncogenes, and
perhaps an alkylation event such as this could accomplish either, or both, of these tasks. If one
of these key regions were particularly amenable to alkylation by DEB, it might help shed
further light on the cytotoxic mode of action.

Purponed "hot spots" for activity have been cited for some DNA damaging agents. For
example, io the 5S RNA gene of Xenopus borealis, calicheamicin has been shown to bind and
cleave nucleosomal DNA in a regular, periodic fashion, which is not explained by sequence
alone. This preference arises when DNA is complexed to histones, but is not seen in free DNA
(Kuduvalli et al., 1995). However, findings by Millard and Wilkes (2oot) suggested no

significant difference in the alkylation of nucleosomal versus free DNA by DEB in this core
panicle. These studies did not take into account histone modification (e.g., acetylation), varied
DNA sequence within the core particle, or linker DNA, which witlli Ekely bear influence on
chromatin in vivo. Nor do we have a clear understanding of possible flanking sequence efifects
during binding. DEB may display a preference for binding to the N7 posHjon of guanine in a
5' -GNC motif, but what of the upstream or downstream neighboring bases? This may add yet
another layer of complexity, and these studies are ongoing.
The previous body of work has laid the foundation of our understanding of DEB
reactivity, but the living cellular environment is far too complex to be modeled in any static
way. Numerous questions yet remain.
Depending upon which stage of the cell cycle a target cell is in, it may react very
differently to DEB exposure than a neighboring cell in a different stage. How does the mitotic
cell compare to its quiescent neighbor? Will transcription factors or other regulatory elements
out-compete DEB for binding to different sequences residing in "open" chromatin?
Histone involvement has been shown to be very important, but what of the various non
histone scaffolding proteins? Could these be contributing steric blocking effects, limiting DEB
access to regions of "closed" chromatin? And what of natural DNA repair mechanisms? Are
monoalkylated lesions more easily excised and repaired than inter- or intra-strand cross-links?
Does one of these lesions tend to lead to mutations and chromosomal aberrations more so than
its counterparts?
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Conclusions
To effectively build upon our fundamental knowledge, and to begin to answer questions
that remain, cultured cells need to be the next model system for DEB action in vivo. However,
for now, based upon our study of liver homogenate in vitro, we make some preliminary
conclusions. First, DEB alkylates "open" regions of chromatin in a dose-dependent manner, as
evidenced by the linearly increasing lesion frequency, as compared to the log [DEB]. Second,
DEB has little-to-no lesioning effect on "closed" regions of chromatin, with the caveat that
these data were not completely conclusive, but only tended to suggest liale-lo-no lesioning
effect. Confirmatory tests are required for a greater degree of certainty.
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